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We present in this paper a study of the azimuthal anisotropy of the motion hield observed duning a six-day-
campaign in March 1986 using the MU radar in Shigaraki. Japan. The radial wind velocity was observed at N~
20' zenith angle. at every 300 of azimuth duning four days. and at eveny 450 durne two days. A. jet stream was
present duning the entire six days. The average radial velocity variance from 10.4 to 19.2 km was calculated revery four minutes and then averaged over 20 minutes or one hour.

The average variance was found to be a strong function of both azimuth and time. The azimuthal variations OL
were analyzed in terms of the mean and the first and second harmonics. The mean is proportional to the kinetic
enery per unit mass of the radial wind fluctuations, and the first harmnonic is proportional to the vertical flux
of horizontal momentum Tier unit mass. The strong azimuthal vaniation was usually dominated by the second
harmonic; i.e., ..ith two peaks, but was occasionally dominated by the first harmonic, with one peak. The phase
of the first hartmonic was usually westward, but the phase of the second harmonic was quite variable.

It was shown by a development of gravity wave theory that all of the observed azimuthal variations could
probably be caused by a gravity wave field whose parameters vanv with time.
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ABSTRACT

We present in this paper a study of the azimuthal anisotropy of the motion field observed during a six-da.
can-paign in March 1986 using the MI.I radar in Shigaraki, Japan. The radial wind velocity was obsrved at
20' zenith angle, at every 30' of azimuth during four days. and at ever-% 450 during Iwo days. A jet stream \%as
present (luring the entire six days. Fhe average radial velocity variance from 10.4 to 19.2 km -'as calculated
eser. fbur minutes and then averaeed over 20 ,ainute or one hour.

I he axerage \ariancc was found to be a strong function of bhoth azimuth and time. The azimuthal variations
,Aere analyzed in terms of the mean and the first and second harmonics. The mean is proportional to the kinetic
energ\ per unit mass of the radial wind fluctuations, and the first harmonic is proportional to the \eitical tlu\
of horizontal momentum per unit mass. The strong azimuthal variation was usually dominated by the second
harmonic: i.e.. %ith two peaks, bat was occasionally dominated by the first harmonic, with one peak. The phase
of the first harmonic was usually westward, but the phase of the second harmonic was quite variable.

It was shown by a development of gravity wave theory that all of the observed azimuthal variations could
probably be caused by a gravity wave field whose parameters vary with time.

I. Introduction range turbulence. On the other hand. in stratified tur-
bulence the energy cascades from smaller toward larger

Atmospheric parameters are observed to fluctuate scales. Other important diflerer.ces are that gravitv
on all scales. When these fluctuations are approxi- waves propagate away from the region of their gener-
matelv sinusoidal, they can be interpreted as being due ation, so that they may have significant vertical fluxes
to waves, which in the mesoscale are almost certainly of energy and momentum, which, in regions of wave
internal gravity waves. However, the fluctuations are dissipation, can cause large mean-flow accelerations
sometimes not sinusoidal, so that their cause is not and turbulence intensities (Vincent and Reid 1983.
immediately evident. Dewan (1979) and VanZandt Fritts and Vincent 1987: Reid and Vincent 1987).
(1982) suggested that the mesoscale fluctuations are These effects are now understood to be important for
due to a random superposition of gravity waves, in global atmospheric dynamics and structure (Houghton
analogy with the internal gravity wave model success- 1978; Lindzen 1981; Fritts 1984: Palmer et al. 1986).
fully applied to very similar fluctuations in the ocean It is thus quite important to describe the mesoscale
(Garrett and Munk 1972, 1975). Gage ( 1979), on the fluctuations, to understand their dominant dynamical
other hand, suggested that the mesoscale fluctuations processes, and to assess their effects on the atmosphere.
were due to the energy spectrum of two-dimensional This paper is the first of two papers in which we cx-
turbulence (a limiting case of stratified turbulence). amine some of the characteristics of the mesoscale mo-

The dynamics of these processes and their dynamical tion field in the troposphere and lower stratosphere.
effects on the atmosphere are quite different. In the utilizing the unique capabilities of the MU radar in
gravity wave field the energy is thought to cascade to- Shigaraki, Japan. The MU radar can sound in up to
ward small scales, where the waves break down, with 16 different directions essentially simultaneously.
at least part of their energy dissipating into inertial- which permits the conduct of experiments that would

be impossible using any other radar. We have taken
advantage of this capability to measure the radial ye-

A Universities Space Research Association Visiting Scientist. locitv as a function of azimuth during a six-day cam-
paign in March 1986. These data are used in this paper

(orretpondin. authorraddrevs. Dr. T. E. VanZandt. NOAA/ERL. to study the azimuthal anisotropy of the variance of
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the mesoscale fluctuations has been studied in the me- N
sosphere (Meek et al. 1985: Ebel et al. 1987: Vincent 00
and Fritts 1987; Manson and Meek 1988), this is ap-
parently the first study in the lower atmosphere. The.-'
companion paper by Fritts et aL. (1989) studies the
vertical flux of horizontal momentum and other prop-
erties of the motion field.

In section 2 the experimental configuration and basic
data are described in considerable detail: only a brief Wx20 200 E
description is given in the second paper. The back- W2O00  9
ground wind and temperature structure during our ex-
periment are presented in section 3, and the variations
of the variance of the radial velocity versus azimuth
and time are described in section 4. in sectioa 5 a model _
is developed for the azimuthal anisotropy of the vari- -

ance due to a gravity wave field. and it is shown that Ilk
probably all of the observed variations could be ex- 1800
plained by a time-dependent gravity wave field. Con- S

clusions are presented in section 6. Fi(;. I- Configuration of the radar beams used in this stud. All
beams used were at a zenith angle )( - 20'. The beams at positions
indicated bk open and closd circles were used during the firt lbur

2. Experimental configuration and velocity data days and the last two das of the experiment. respecti\ el .

The experiment was conducted using the MU radar,
located at 34.85'N, 136.10°E, 370 m MSL. in Shiga sured in the 90' and 270' azimuths, averaging the re-
prefecture, Japan. The relief in this region is strong. suit over each successive 24-hour period centered at
with peaks up to 800 m within 10 km and up to 1200 2322 JST, smoothing the resulting profile with a low-
m within 30 km. The MU radar is a monostatic pulsed pass filter with a cutoffat 3 km in order to avoid con-
Doppler radar, operating at a frequency of 46.5 MHz tamination by waves with short vertical waxelengths
(wavelength 6.45 m). The antenna is circular with a and low frequencies, and finally multiplying b I/
diameter of 103 m, resulting in a two-way, half-power sin20 ° = 2.92 to obtain the horizontal compncnt.
beamwidth of 2.50. Further details about the MU radar The meridional ,,,ind was calculated in the same way.
can be tound in Fukao et al. ( 1985). The resulting zonal and meridional wind profiles. pos-

The present experiment was conducted from 1 1 22 itivc toward the cast and north, are shown in the left
JST (Japan Standard Time: =UTC + 9 h) 8 March and right panels of Fig. 2a, with the zero wind for each
1986, until 1549 JST 14 March 1986 with only minor day displaced to the right by 14.6 m s '
interruptions, for a total of'6 d. 4.5 h. During the first A zonal jet stream was present during the entire si\-
four days, 12 beams were directed at a zenith angle X day period, with a peak zonal wind 1of 35 rn s ' at
= 20' at azimuths 0 in steps of 30, and four beams about 15 km on the first day. increasing to 58 m s
were at X = 10' at 0 in steps of 90'. During the last at about 12.5 km on the third day,. and then decreasing
two days, 8 beams were at X = 200 at 0 in steps of 45. to 48 m s 1 at 10 to 12 km on the sixth da\. Belov
and one beam was directed at the zenith. However. the jet stream the changes were much larger: at 10 Kn
the studies in the present three popers used only the the horizontal wind speed increased from about 4 in
beams at X - 20' . whose configuration is shown in s on the first day, to 50 m s on the third da.. and
Fig. I. then decreased only slightly. As a restlt. the jet stream

The pulse length was 300 m and the range gates became much broader on its lower side.
were centered at ranges from 7.5 km to 20.4 km in The background temperature profile in Fig. 2b was
steps of 300 m: at X = 200 the range gates vere centered dclvcd fru, m routine radiosonde ascenis at 0000 and
at heights above ground from 7.05 to 19.17 km and at 1200 UTC (0900 and 2100 JST) from Shionomisaki.
altitudes above sea level from 7.42 to 19.54 km in steps 100 km south of the MU, radar. The reported temper-
of 282 m. The average time resolution oftthe data used atures were interpolated to 1000 m intervals, averaged
in our analyses was 237 s (4 min ). with 2256 records. over the entire six-da. period, and then smoothed with

the same low-pass filter as the wind profiles. The back-
3. Basic data and meteorological parameters ground profile of N2 (where N is the buoyan\ fIre-

quency). also shown in Fig. 2b. was determined b\

Daily profiles of the zonal and meridional compo- .encg th n , i temperature prohle over 2000 in.

nentq of the !, t'Juuh,' ai wind were deter- The altitude of the tropopause determined from each
mined from the iadar radial wind measurements as radiosonde ascent increased from about 10.5 km on
follows. The zonal component at each altitude and time the first two days to about 12 km on the last day, with
was determined by first averaging the radial wind mea- an average of about I I km.
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FIj;. 2. (a) Profiles of background zonal and meridional horizontal wind averaged over 24 h
centered on 2322 JST 8-12 March 198t. The zero wind for each day is displaced to the right by
14.6 m s '. (b) Profiles of temperature T and buoyancy frequency squared N averaged over the
entire six-day period.

Figure 3 shows the iwcrse Richardson number Ri -J by the large shears on the bottom of the jet stream.
S 2/N 2. Here S is the magnitude of the vectoi sh r which diminished during the six-day period (see Fig.

calculated from wind profiles averaged over I h and 2a). On the top of tht. *t skicam the -hears were much
differenced over 300 m of range, so that each box in smaller and N 2 was larger so that Ri -' was considerably
Fig. 3 is I h long and 282 m high, and N2 is the mean smaller.
over the entire six-day period from Fig. 2b. The hoxes The richness an(' of ariuity ,;r ihe ,,,dv i veitcio
are coded as follows: black, Ri-' > I: open, I > Ri -' data measured by the MU radar are illustrated by Figs.
> 1/': blank, 1/3 > Ri '. The zero time on this and suc- 4 and 5, which show time series of low-pass and high-
ceeding figures is the beginning time of our experiment, pass filtered data, respectively. The 3 db cutoff was set
1122 JST 8 March. Since N 2 is a mean, the variations at a period of 33 h to ensure that gravity wave motions
of Ri with time must be due entirely to variations near the inertial period (20.95 h at the 34.850 latitude
ofS z

2
. The region of generally large Ri -' in the lower of the MU radar) were not attenuated in the high-pass

stratosphere between about 10 and 12 km was caused time series and did not contaminate the low-pass series.
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FIG. 3. The inverse Richardson number Ri :N 2 /S 2 versus time and altitude. Here .N2 is
f'rom Fig. 2b and S2, the vertical shear squared, is derived from the wind profiles measured by
the radar. Each box is I h wide and 282 m high. The boxes are coded as follows: black. Ri -' > 1:
open. I > Ri ' > 7/t: blank. is > Ri-'.

In each figure, panels (a) and (b) present the radial titudes from 10.43 to 19.17 km (ranges from I I.I to
velocity measured by the 900 (eastward) and 00 20.4 kin).
(northward) beams, respectively. The velocity scale on Time series of radial velocity variance at each azi-
the ordinate is for the lowest range gate at an altitude muth averaged over 15 records =I h arc presented in
of 7.42 km and each successive curve is for 282 m Fig. 6. The variance varied strongly versus time, with
higher and is shifted upward by 2 m s- 'in Fig. 4 and significant peaks at about 42. 57. 70. 81. 90. 1 09. and
by 3 in s- in Fig. 5. 134 h. Most of the time the azimuthal 'variation was

In the low-pass time series at and below the jet core dominated by the second harmonic: this was partica-
the zonal flow increased rapidly between about 20 and larly evident during some of the peaks. [-he first har-
60 h wile the meridional flow underwent a large os- monic was usuaily much snraller than the second, but
cillation from about 60 to 150 h. Above the jet core occasionally it was larger when the second harmonic
both components oscillated with periods of about two was small.
days. The high-pass data below the jet care also exhib- The observed variance versus azimuth in a givcn
ited considerable variability. Above the jet core the time interval can be described succinctly by litting the
amplitudes decreased and became less organized with mean and first two sinusoidal harmonics b > least
increasing height, squares. This description is also convenient lbr inter-

pretation, since the terms can he interpreted physically.
4. Variance as a function of azimuth and time The mean divided by sin-2200 is related to the kinetic

energy per unit mass of the radial wind fluctuations.
The present study of the anisotropy of the fluctuation According to the analysis of Vincent and Reid ( I 9,3 ).

field is based entirely on the variance of the radial ye- the first harmonic is proportional to the sertical flux
locity as a function of azimuth and time, which was of horizontal momentum per unit mass, which has an
calculated as follows. At each observation time and important effe'ct on global atniuspheric dynamics adl
altitude the radial wind profiles in the zonal and me- which is treated in considerable detail in the second
ridional planes were averaged over 320 records = 21.07 paper of this series ( Fritts et al. 1 990). A.ll three terms
h (about equal to the inertial period ) centered on the can be interpreted in terms of gravity wave theory, as
observatio, Lime, and the result was smoothed with a will be shown in section 5.
low-pass filter with a cutoff at 3 kmn. Then the hack- Four examples of the resulting variance \ersus aii-
,ound pre!: i ,,,, A. .ztmuth was calculated trom mt~ aoera~'c 2 c,: , :c,, "'ul ',2(O r,'); .m. 'K,

the zonal and meridional compo)nents. This profile was harmonic fits are shown in Fig. 7. Several features are
then subtracted from the observed profile for that azi- illustrated. The running mean azimuthal curse cen-
muth and time, and the profile of variance was cal- teed at record number 640 was dominated by the It
eulated, harmonic. Rut at record 645. only 20 minutes later.

The fluctuations of the variance can be reduced by there was a large second harmonic in addition to a
averaging over sceeal altitudes and times. In order to significant first harmonic, as evidenced bv the unequal
treat a reasonably homogeneous region. we have av- maxima and minima. The very rapid change from re-
eraged over only the lower stratosphere; i.e., over al- cords 640 to 645 was at the beginning of the peak at

11' 0 -A.mmm~ m mm i 11 I ~
0lI i I%
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FIG. 4. Low-passed eastward (a) and northward (b) time series of radial velocity with the 3 db cutoff period at 33
h. The radial velocity scale is for the lowest range gate at an altitude of 7.42 km and each successive curve is for 282
m higher and is shifted upward by 2 m s'.

42 h in Fig. 6. Records 660 and 700 were both domi- first and second harmonics are shown in panel (a).
nated by the second harmonic, and the first harmonic The corresponding phase angles relative to north of the
was small, since the peaks were nearly equal, but the maxima, (P (bold) and 0 2 (thin). arc shown in panel
ratio of the second harmonic to the mean was much (b). These quantities are running averages over I h
larger in record 660. Much of this discussion will be plotted every 4 min.
devoted to interpretation of the wide variety of azi- From 12 to 30 h, a, varied with a period of about 2
muthal behaviors. h, while 4, Ichanged by ±900 or 1800 in alternate cycles.

'igure 8 shows each successive fited azimuthal curve Similar periodic variations of al. without significant
centered on records 440 to 830 (at times from 29.0 to phase changes, also occurred later. particularly from
80.3 h) with the zero for each successive curve shifted 80 to 90 h. After 45 h. 4,I tended to osci!h:tc aboutI ms' ' to th ih.Tefu xmlsi i.7 20 , btteewas a tede oytr 4, to depart from
arI (mndic the right. The four examples in Fig. 7 270'. but there waa tendencyf t depat from
are indicated b arrows between 40 and 50 h at the 2700 during the maxima ofa . There did not appear
margin of h ic upper panel. The predominance of the to be any overall correlation or relation beeen the
second harmonic, particularly during the peaks at 42, phases 4.', and .
57 and 70 h is clearly visible. Note also the phase
changes during the 42 and 70 h peaks. 5. Comparison with gravity wave models

These variations are presented quantitatively in Fig. It was pointed out in the Introduction that two dilf
9. The amplitudes at (upper bold curve), a, (lowier ferent dynamical processes have been proposed to ac-
bold curve), and a (thin curve) of the mean aid the count for mesoscale velocity fluctuations: gravity waves
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FIG. 5.1High-passed eastward (a) and northward (b) time series of radial velocity with the
3 db cutoff period at 33 h. The radial v'elocity scale is for the lowest curve and successive
curves are displaced upward by 3 m s
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FiG. 6. Variance at each azimuth vs time averaged from 10.4 to 19.2 krn and over I h. The
lines of data correspond to the beam positions shown in Fig. 1.

and stratified turbulence. Because their effects on the The gravity wave model is developed as follows.
atmosphere are quite different, it is important to eval- First, we develop a model for the radial variance as a
uate the relative significance of these processes. In this function of azimuth due to a gravity wave with a given
section we consider to what e',tent the observed fluc- frequency, wavenumber, and direction of propagation
tuations can be explained in terms of gravity waves, that is sampled over all phases of the wave. Even though
We do this by developing models for the radial variance this model treats only a single wave and ignores the
as a function of azimuth due to gravity waves. We find effects of Doppler shifting due to the background wind.
that probably all of the observed azimuthal curves can the resulting model curves resemble the observed
be explained by a suitable field of gravity waves. Un- curves. The model also provides insight into how gray-
fortunately, the theory of stratified turbulence is not ity waves can cause the observed variations. Second.
nearly as well developed as the theory of gravity waves, the effect of a broad frequency spectrum is explored
so that it is not possible to show whether or not the by integrating over a power-law spectrum. Third. a
observed variations could be due to stratified turbu- more general azimuthal distribution of propagation
lence. vectors is considered. Finaliv. we consider the variance

due to quasi-inertial waves that are not sampled over
6 ..........-- r,. _ all phases. Although the azimuthal curves from these

No.640, T= 42.1 h No.660,T=43.4h models resemble the observed curves, we do not at-
4 tempt actually to fit the model and observed azimuthal4

curves for reasons that will become apparent.
V iThe azimuthal variation of the variance due to a

, gravity wave field can be modeled by a slight general-
E ization of the model that VanZandt (1985), following

0................' ~ '~Pinkel ( 1981 ). developed for the power spectrumn of
U' No.645, T: 424h tNo.7OOT=46.Oh radial velocity observed by a Doppler radar. The as-
z , ~ . sumptions are the same as those of VanZardt ( 1985)
a : except as noted. In particular, we have assumed that

* there is no background wind. For a radar pointing at
2 ', an azimuth tIR = 0' and zenith angle X, the observed

profile of radial velocity r at a range r is given by
0 l---. . . . . ... . . .. .

0 90 180 270 3600 90 180 270 360 v, = Re1((-) sinx 4-, 1 cosX).l(k, w. 0)
AZIMUTH ANGLE (0) X exp[ i(krsinX cos) t mrcosX - wi)] I I

FiG. 7. Examples of the variance versus azimuth. The data points
are averaged over five records = 20 min. centered on the labeled where the upper and lower signs are taken for upward
record number and time. The curve is the sum of the mean and first
and second harmonics fitted to the data points by least squares. Note and downward phase propagation (downward and up-
that the panels labeled 640 and 645 are centered only 20 min apart. ward group propagation). Here 0j = cosO + i( I w) sinO
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and (1I = (w/N) [1 ( (/o) 2J/[1 - (w/N) 21 }/2, from the horizontal and vertical velocity compcncnts,

where w and 'are the intrinsic and buoyancy frequency respectively. Of course, ( ) is valid only for 1 w - N.
normalized by tic inertial frequency, and A(k, w, 0) is If we assume that the gravity wave energy spectrum
the amplitude of the wave. Variables k and in are the is variables-separable, following Garrett and Munk
horizontal and vertical wavenumbers, and the sinx and ( 1975 ) and VanLandt ( 1982), then the spectrum as a
cosx terms are the contributions to the radial velocity function of azimuth 0 is given by

F,(mL.0) f(/2 r)E.l(m/m.*)B(o)fdO)H(O)). (cosO 4- iw sin0)sinXT+ ' cosX) (2

where .I andA (= 1 - A, ) are the fractions of energy = 200, C" 0.0137. Equation (3), normalized by the
associated with upward and downward phase propa- mean, is plotted versus 0 in Figs. 1Oa-c for A 1.
gation, respectively, E is the total energy per unit mass: '/, and '/-,. respectively, and for v = 1. 1(1' - . I0.
..(m/im.) is the wavenumber spectrum, where m', is 10/2. 102, and 200. (Note that in Fig. 10c the curves
the characteristic vertical wavenumber: B(Le) is the for - 10'/2 and 103/2 happen to be almost identical.)
spectrum as a function of normalized intrinsic fre- The changes in the relative magnitudes of the peaks
quency w, and 1H(O) is the azimuthal distribution of can be understood as follows. Further insight can be
gravity wave propagation vectors, found in, e.g., Hines ( 1960, 1974), Gossard and Hooke

For the purpose ofdiscussio.; we assume that all of ( 1975). and Pinkel ( 198, ). For downward phase
the waves are propagating in the azimuth 01, so that propagation, the gravity wave motions lie in a plane
l1(())/2 r ( 6(0 - O)(), where 6 is the Dirac delta func- of constant phase whose direction normal is tilted to-
tion. Then the integration over O replaces 0 by 0,.. But ward 1800 by an angle tan '(4I> W/A - \for I
since the radar scans in azimu... it I.more convenient 4 w < A'). When ! = .1(112 10. 1032 102. or 200.
to assume that the azimuth of the radar OR varies aid 3 = 0', 0.86'. 2.850 , 9.09' . 30.00 , or 90' . respectiXel..

t1 is fixed at 0', which amounts to the transformation Thus the phase plane remains nearls horizontal until
0 = 0f - OR with 0, = 0'. Then with some rearrange- w > 1. When e = I the motion is circular, so that the
ment variance is the same in all azimuths. But as Le increases

the motion becomes nearly linear along the intersection
1"(W, OR) = /B(w) sin 2X['3,/2 + ( 2 -,, of the tilted phase plane and the vertical plane Hi,

= 0'. Then at w = 200, "here /3 = 900. the variance
+ 2(.1 - O/oR + (5 /2) cos 2 'R], (3) is again the same in all azimuths.

where ,5. = I _ (I /cw) and C = cotX/;,. When the motion is nearly linear, the variance versus
0 is nearly proportional to cos 2 . where . is the dihedral

All of the results presented in this paper were cal- angle between the radar beam direction and the line
culated for N = 200. appropriate to the lower strato- of motion (see Fig II). At 0 -0 and 180'. cos4
sphere at the latitude of the MU radar. Then with x = cos(7r/2 - X + /0) = sin(X T 3). and at 0 90' or

30h 40h 50h

360 /\ t t_

a.180

Z 0 4(mls)
2

60h 70h 80h

< 180

0 -I _L_- _____ L4 XL...LL tri

0 4 (m/s) 2

VARIANCE
Fi(,. 8. Suctess ill hed curves centered 20 min apart from 29.0) to Xt0.3 h- with the 7ero for each successive curve

shifted io the right by I (m s )The four examples shown in Fig. 5 arc indicated by arrows in the margin of the
upper panel.
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11, 1). (a) lhcamplitudes a(, ( upper bold curve I, a, ( hxxcr hold curse), and a: Ithin Curse
Of the mean and the first and second harmonics. (h) fhe corresponding phise angles,() (bold)

ao, 4ti)ol the max mna relative it north.q,' is not plotted "lihen a, - 0.2. 1 hCSe q uantities
are runninge ascr-P.s oxver I h plotted ec CN 4 min.

'170l. Cos cos x sins 'W3,"hen Le is smiall and the mno- cos4 - ()'.:ie. the moctions; are normnal to the I S0
tons are nearly horizontal. then cos z sinX at ()= 0' beamn. Thus, at larger L there is unl\ onlc max11Ium
and ISO',. which is much larger than cos at 0 - 90' and one miinitTumi as showni in Fig. I ((a for Le i
and 270". so that the variance has two maximia and I-ie westward maximumn IS consistent Wih phaIse sLIr-
heno ni nnia. as show n in Fig. 1 Oa for Le 10 ", 10, flaces whose normals are tilted tov.ard the east duICecither-
andI 10"'. As Le increases and the line of motion steep- to generation by, shear insiabilitv below, the liet stream11.
ens 11; osit at H - 90'. 1 SO', and 2700 decreases relative or to topographic forcing or con vction at lovwer: lc\ cis.
to HI (0' Indeed, when 3 x -200 (at w 68.4), Or course, upward phase propagation. .1 0.1. 1

Aa I~ ('b A- 3/4 (I A- 1/2

2-

(a
<

0 360 0 360 0 360

AZIMUTH ANGLE (0)

Flo l10. Radial %elocitv variance versus radar beam azimuth 01 for a radar heant icnith
angle N - 2(I". as a function 01 gravitY xxaxe fr..xluenev to, normalized by the inertial frequenux\
I he frequencv code is w' 1, solid: ' ', dotted, 10. dashed: to 0 , ot-dash: 1010 and 2001.
,olid. -1he gras it\ 'vases are all assumed to be- propagating in the azimuth 0", and I1 is the
traction of the .xaxes \k ith downxxard phase propagation ( upward group propagation). I Note
that in panel (cel the curses for,, I) 0" and 10(1 are almost identical.lI
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Fig. 13 shows the -sum of the curve in Fig. 12a for p
=/3plus the same curve multiplied by '1 and shifted

900 toward the left (counterclockwise).
Y-x - Of course. in reality the distribution of propagationvectors cannot consist of 6 functions. But the fact that

the widths of the maxima and minima in the m( 'el
curves are similar to the observed widths suggests that
the peaks in the actual 1I(fl) must indeed be narrow.

The foregoing models assume that the gravity waves
in the field are sampled uniformly over all phases. tther

x x versus space or time. In the present e,,perimcnt, a%-
eraging over the altitude range of 8.74 km samples over
the phase of most waves, since the characteristic vertical
wavenumber in the lower stratosphere is onl\ 2-3 km
( Fritts et al. 1988 ). On the other hand. averaging over

1800 8w = o 20 min in Figs. 7-9 samples over the phase of onlv
waves with short periods. For waves with w - 3, where

I i(, I I Sketch illustrating the dihedral angle betvkeen radar beams the motion is approximately linear, the partial sampling
and graslrt "ae perturhation rscocities in the vcrtical plane off0, affects the amplitude, but not the shape of the curves

r I do ,nssard and rightward phase propagation. The d0uble- in Figs. 10, 12, and i 3. But for waves vith L 1, i.e_
hcadcd arrows indicate the txrturbation motions in three sur ices of near the inertial frequencv. according to Eq. I ) the
constant phase. the sketch is for radar beam zenith angle , - 20c
and grax'. %asc frequenct'. 51c . resu;ting in an inclination angle perturbation velocity rotates on an ellipse, so that the
,1 14.5 anti dihedral angles 55 .5 anti 84.5". curves in Fig. 10 also rotate.

The rotations occasionally seen in Fig. 8 may be due
to such quasi-inertial waves with long vertical wave-

produces the same pattern shifted by 180'. so that in lengths In particular, the counterclockwise rotation
Fig. IOc for A = 0.5 the curve between 90' and just after 70 h could be due to a quasi-inertial wave
2700 repeats the curve from 2700 to 900 .  with a horizontal wavelength of about 1000 km that

The firequency spectra from 24-hour time series of has been Doppler-shifted to a period ofabout six hours
the present dataset. analyzed in the following paper by b the background wind.
Fritts et al. (1990). follow a power law cc ' with 1) It is clear that probably all of the obscr\ed curves in
- /;. Therefore, (3) has been intgrated numerically Figs. 7 and 8 and the relative amplitudes ard phases

overall w from I to 200 (i.e., from the inertial frequency in Fig. i9a and 9h could be explained by a gravit" sax,
to the buov:,ncy frequency ) with p I 4/ , 5/ , and 2. field with suitably chosen time-dependent B(. 11(0).
The resulting curves are shown in Fig. 12. and A1 . Indeed. it appears that most of the obser\ ed

IThe curves in Figs. 10 and 12 are symmetrical about curves could be explained by model curves with a fre-
0i, so that a model with all waves propagating in one quency spectrum B(w) f w ,ith p ->/ and ap-
direction cannot explain the unequal minima that are propriate II(O) and. . There are two kinds ofexcep-
often ,bserved in Figs. 7 and 8. In order to demonstrate tions. First. when a, > a,, i.e., wxhen the obscr\ ed \ari-
that a gravity wave model can explain such minima, ation is roughly unimodal. 1(u) must be dominated

(a) A- I (b) A-= 3/4 (c) A-= 1/2

, 2

'.- I I
" ' ".0' / .. " .

0 3600 3600 360
AZIMUTH ANGLE (0)

Fl(;. 12. The curves in Fig 10 integrated over w with frequency spectra #9(w) .1 ,' "with
p I, solid: %, dotted: ''. dashed; and 2, dot-dash Other parameters are as for Fig. 9.
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3 -.--- It was shown by a development of gravity wave the-
A- =1 ory that probably all of the observed azimnuthal sari-

ations could be caused by a field of gravity waves. T he
variations with time must then be due to variations of'

wi 2 the parameters of the gravity wave field.
0 Because the theorv of stratified turbulence is not suf

ficiently well developed, it is not possible to develop
M model azimuthal curves that can be critically compared

> wi th the observed curves. Thus, it cannot be deter-
mined to what extent the observed variations mnas be
due to stratified turbulence.

The present observations and conclusions stri(ctl\

0...... apply only to the conditions under which the obser-
0 360 vations were made: the observations were made in
AZIMUTH ANGLE (0) March in the middle latitudes ot east Asia, a je stream

was overhead, and the relief' near the MUJ radar is
I 3 t( IIhe sumn of t~ ur% e in I g. 12a f~rp 1)A/ plus the 5sIrte strong. In order to understand howv much our results

cur~e mnultiplied b\ '/ a:ck shifted 90 to~ar, the left. This process depend on these particular conditions, similar exper-
nifI. 5 ltt~~dii~hluli.imonts under other conditions are needed. Th le effect

of background meteorological conditions and season

bs rclatiscl\ high frequoncies and xsith :A ' '1, S;CC- can be studied by the MUI radar. The eflect of terrain.
ond. during the periods of' rotation I3( ;) mus',t be latitude. etc., can be explored by other radars in dif-
dominated by a quiasi-inertial wave. ferent terrains.

We have not attempted actually to fit model curves .1fcknt m'ed4(,mt~t. Support for this w.ork was pro-
to the obserxed curves, because the number of param- iddin part by the Di\vision of'Atmospheric Science,,
eters is so large that the fittings Could not be Unique- of the National Science Foundation under GJrant N ]-%.-
Mloreover, the present model ignores the effects of' 8404017 and by the A\ir Force Office of Scienti tic Re-
iOoppler shifting due to the background wind, which search uinder Contracts \FOSR-issa86-0151() andi
was quite large during this experiment. Doppler shifting F49620-87-c-0024. One e. ! the authors (TF 1.). ssas a
has no effect on the component of motion at right an- visiting proicssor at the Radio Atmospheric Science
ices to the wvind. But in the plane of the \,kind It cha~nges Center and another (T I_1.) k\ as a \ tsittng sctenttst "it
the shape of the irequenC\IC 1,pCCtU-1m1 ( Schettler and .iu, the Gecophysical Institute (SI supprtet' b\ NSF~) and at
19W6 Fritts and N/anZandt 1987). For radial spectra the Aeronomn\ I aborator\ (suppor01ted 111 thle Japlanes
it ten ds to reduce thle elk'ctivC vIalue ofp. Thus. [)opplcr Ministry, ot Education. Science and Culture). ThIUa-
1,h11ting ',sold tend to mos c the model results toxkar 1  thors wish to acknowledge helpful comments b\ C. 0.
thle culrves with smaller /r In Fig. 12. H-ines and J. C. McVilliamns. Thle MU. radar is operated

by the Radio Atmospheric Science C'enter of K' oto
6. Conclusions University. Kvoto. Japan. The Shionomisaki radio-

We find that the radial velocity variance averaged sond Ae san i prte yteJaaeeMeerl
from 10.4 to 19,2 kmn is a strong function of azimuth ia gns
0 and tIie. The a/imLuthal variations wkere analyzed in
terms of' the mean and first and second harmonics. R1 VRI NUT'S

I[he amplitude ao of the mean dIiied bysin -X is re- Dt~kait 11, Nt., 1979: Stratospheric %,i'c e pectra resenmbling ihi

lated to the kinetic energy per unit mass. The first har- lne. c.204,8 3'-Sl ;
ionic is proportional to the vertical flux of horizontal Ehecl. A. A. If. NI nsor and C. . MSeek, 11)87: Short-peIsCIf titl_

moetm hc .,diSCLISSeo ini il eon aer tions of the. horicontal \\ ind mneasuredi in the iipjkcr atno
mometumwhic is n th secnd pper sphere and possible relations to internal grasit \%a\Ces .1 if

Fritts ct al. 1990) of this series. Jrr Phv\ 49. 38 -4tll.
I. suall s. the a/i muthal variation wNas dominated by Fitts. 1). C. 1 984: ( it\t %Aa\ e'aiuration in the middle.itniospfers>

t he secoind harmonic, but thle ratio of the amplitude A reic% Rss01thc.or\ andt oscrs ations. Rel ovi \ slu, M:1,>

of the second harmonic to the mean and first harmonic 2nd 1SI t\a( id.)8steelcso )ppe ,mligo

terms wAas quite variable. When the first harmonic wsas the Ireuuc' spectra of atmiopheric grasit\ ie~ V:

large enough. it often made the two peaks and the two Ri', 92, 9723-97321
v.alleys unequal. Indeed. the first harmonic was occa- .and R. A. Vincent. 1987: Mesospheric momnentumn fIL1is1studiC

sionally so large that there was only one p-ak. The at Adelaide. Australia: ()hscralion% anld a gras its %kas tidal
interaction modet. . limos S(, 44, 0s-6 9phase of the maximum of the first harmonic was usu- T . Tsuda. TI Sato. S. Fukao and S. Kato', 1988: ()hse r\ aional

ally westward, but the phase of the second harmonic 'evidence of a saturated grav ity wave spectrum in the trooosphe re
was quite variable, and lower stratosphere. .1 .lotao Sci. 4S, 1741-1759.
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